Purpose: To develop a non-contrast-agent MRI technique to quantify cerebral venous T 2 in mice. Methods: We implemented and optimized a T 2 -relaxation-underspin-tagging (TRUST) sequence on an 11.7 Tesla animal imaging system. A flow-sensitive-alternating-inversion-recovery (FAIR) module was used to generate control and label images, pair-wise subtraction of which yielded blood signals. Then, a T 2 -preparation module was applied to produce T 2 -weighted images, from which blood T 2 was quantified. We conducted a series of technical studies to optimize the imaging slice position, inversion slab thickness, post-labeling delay (PLD), and repetition time. We also performed three physiological studies to examine the venous T 2 dependence on hyperoxia (N ¼ 4), anesthesia (N ¼ 3), and brain aging (N ¼ 5). Results: Our technical studies suggested that, for efficient data acquisition with minimal bias in estimated T 2 , a preferred TRUST protocol was to place the imaging slice at the confluence of sagittal sinuses with an inversion-slab thickness of 2.5-mm, a PLD of 1000 ms and a repetition time of 3.5 s. Venous T 2 values under normoxia and hyperoxia (inhaling pure oxygen) were 26.9 6 1.7 and 32.3 6 2.2 ms, respectively. Moreover, standard isoflurane anesthesia resulted in a higher venous T 2 compared with dexmedetomidine anesthesia (N ¼ 3; P ¼ 0.01) which is more commonly used in animal functional MRI studies to preserve brain function. Venous T 2 exhibited a decrease with age (N ¼ 5; P < 0.001). Conclusion: We have developed and optimized a noninvasive method to quantify cerebral venous blood T 2 in mouse at 11.7 T. This method may prove useful in studies of brain physiology and pathophysiology in animal models. Magn Reson Med 80:521-528,
INTRODUCTION
Brain oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen (CMRO 2 ) represent important biomarkers of neural activities and brain diseases. These physiological parameters are traditionally a niche market of positron emission tomography (PET) imaging, which in itself is a complex procedure and requires the injection/inhalation of 15 O labeled radiotracers as well as continuous arterial blood sampling to measure the arterial input function (1, 2) . However, such procedures are not feasible for animal models such as mice because, among other obstacles, there is simply not enough blood to be sampled during the experiment given that total blood volume in mice is generally approximately 1$2 mL (3). Thus, little is known about oxygen homeostasis in mice. On the other hand, mouse experiments provide access to a wide variety of disease models (4-8) important for understanding disease mechanisms, studying disease evolution (9, 10) , and evaluating therapy feasibility and efficacy (11, 12) . Therefore, development of noninvasive and non-contrast-agent techniques to measure brain OEF and CMRO 2 is expected to have profound potentials in studies of animal disease models.
The present study aims to develop a T 2 -based MRI technique for quantifying cerebral venous oxygenation (Y v ), which is a critical step toward measurements of OEF and CMRO 2 in live mice. Y v is defined as the oxygenation fraction in the venous blood (13) . With the knowledge that, at baseline hematocrit, blood T 2 depends primarily on oxygenation levels, T 2 measurement has been explored as a method to obtain Y v along with a proper calibration plot (14) . The T 2 -relaxationunder-spin-tagging (TRUST) technique was originally developed as a non-contrast-agent MRI technique to estimate Y v by measuring venous blood T 2 in human (15, 16) . It uses the spin-tagging principle (17, 18) to separate blood signals from surrounding tissue signals, thereby minimizing partial volume effects and mitigating the influence of subjective voxel selections. Over the past few years, apart from the various technical studies on TRUST (19) (20) (21) (22) (23) , this technique has been applied extensively to neonatal studies (24, 25) , aging studies (26) , and a wide range of neurological and psychiatric disorders including Alzheimer's disease (27) , multiple sclerosis (28) , sickle cell disease (29) , anorexia (30) , cocaine addiction (31), cannabis users (32), hepatic encephalopathy (33), end-stage renal disease (34) , acute mountain sickness (35, 36) , children primary nocturnal enuresis (37), etc.
Despite of these applications in humans, TRUST MRI has never been applied in mice. Here, we conducted a series of studies to implement and optimize the TRUST technique for the measurement of cerebral venous T 2 of mice in vivo. Several key imaging parameters in TRUST MRI including imaging slice location, inversion thickness, postlabeling delay (PLD), and repetition time (TR) were separately optimized. Changes in venous blood T 2 consequent to a hyperoxia challenge and anesthesia type were assessed. The effect of aging on cerebral venous T 2 was characterized and the results were compared with those in humans.
METHODS

TRUST Pulse Sequence
As shown in Figure 1a , the TRUST sequence for the mouse study starts with a presaturation module to suppress signals within the imaging slice. Then, a flowsensitive-alternating-inversion-recovery (FAIR) module (17) is applied to invert the spins in the inversion slab (yellow box, Fig. 1b ). For convenience, inflow spins outside the inversion slab are dubbed as fresh spins. A PLD is applied after the FAIR module to allow fresh venous spins to flow into the image slice. At the end of the PLD period, a nonselective T 2 -preparation pulse train is used to modulate T 2 -weighting while minimizing the blood outflow effect (38) . Immediately after the T 2 -preparation, signals within the image slice (red line, Fig. 1b ) are excited and measured by a segmented echo-planarimaging (EPI) acquisition scheme. Following signal acquisition, a postsaturation module is used to remove spin magnetization history so that radiofrequency (RF) pulses and timings applied in the current TR period do not appreciably affect signal in the next TR (16) . Following the postsaturation module, a period of time is waited to allow the longitudinal magnetization to partially recover before the next inversion pulse is applied, so that a repeatable initial signal level is achieved. The above scan is known as the "control" scan. A "label" scan is also performed in which the FAIR module is nonselective.
Signals within the image slice originate from two parts: stationary tissue and flowing blood. The stationary tissue signal is identical between the control and label scans. By contrast, fresh blood spins follow inverse recovery in label scan but are uninverted in the control scan. Thus, a pair-wise subtraction cancels out tissue signal while isolating pure blood signal. This difference signal, when measured at a range of T 2 -preparation durations, allows for monoexponential fitting to estimate venous blood T 2 (T 2v ).
MRI Experiments
All MRI experiments were performed on an 11.7T Bruker Biospec system (Bruker, Ettlingen, Germany) with a horizontal bore as well as an actively shielded pulse field gradient (maximum intensity of 0.74 T/m). The institutional animal care and use committee approved the experimental protocol. A total of 18 mice were studied. Of these, five C57BL/6 younger mice with body weight of 18$20 g (age 16$18 weeks) and five older mice (age 86$93 weeks) with body weight of 30$35 g were used in the aging study. The remaining 8 BALB/c mice (age 22$28 weeks) with body weight of 20$26 g were used in the remaining studies.
Animal preparation
Unless otherwise specified, anesthesia was administered using 2.0% vaporized isoflurane for 15 min, then switched to 1.5% for another 15 min, and maintained at 1.0% until the end of experiments. Mice were positioned with a bite bar and ear pins at the 10th min under 2.0% isoflurane inhalation, and were placed on a water-heated animal bed with temperature control. Respiration was free and monitored during the experiment to ensure the mouse was alive. Images were acquired using a 72-mm quadrature volume resonator as transmitter, and a four-element (2 Â 2) phased array coil as receiver. The B 0 field over the mouse brain was homogenized by a global shimming (up to 2nd order) based on a subject-specific preacquired field map. Seven sub-studies, including four technical, two physiological, and one aging study, were performed as detailed below. and 15 ms hyperbolic secant pulse for 180 ). Open rectangles are nonselective pulses with higher ones denoting 180 refocusing pulses and smaller ones 90 excitation pulses. Within the T 2 -preparation module, the first and last pulses are applied in opposite phase. Effective TE (eTE) denotes the extent of T 2 weighting. PLD denotes the time between FAIR labeling and image excitation. b: Representative positions of TRUST imaging slice (red box) and slice-selective inversion slab (yellow box) displayed on a sagittal localizer image. Note that the slice-selective inversion slab is usually large than the imaging slice to account for imperfection in RF profile.
other (according to the multi-slice TOF images). To determine the optimal imaging slice location, six consecutive slices centering around the confluence were chosen, as shown in Figure 2a , from rostral to caudal direction. The optimal slice position for TRUST MRI was determined based on the largest difference signal criterion (N ¼ 3). Other imaging parameters of the TRUST sequence were: field of view (FOV) 16 mm Â 16 mm, matrix size 128 Â 128, voxel size 125 mm Â 125 mm, and imaging slice thickness 0.5 mm. A segmented gradient-echo EPI was used in TRUST acquisition with a TE of 6.5 ms, a phase-encoding bandwidth of 3.1 kHz, and an echo-train length of 5.2 ms. Partial Fourier or navigator echoes was not used in the acquisition. No parallel imaging was used and the images were reconstructed with a sum-of-squares method. Because we are interested in signal intensity rather than actual T 2 value in this substudy, only the shortest effective TE (eTE) was acquired.
Study II: Inversion slab thickness
In the control scan of the TRUST sequence, a selective inversion pulse is used to invert spins in the imaging slice. The inversion pulse used a default adiabatic pulse provided by the Bruker system and was a hyperbolic secant pulse of 15 ms in duration. The nominal flip angle of the pulse was 180
. Inversion efficiency of this pulse was found to be 91.5 6 0.8% based on additional experiments (data not shown) in mouse brain (N ¼ 2). Due to imperfection in frequency profiles of RF pulses, the inversion slab is generally set to be slightly wider than the image slice to ensure sufficient inversion of the imaging slice but minimally affecting inflowing spins from outside the imaging plane. We, therefore, conducted a study to determine the optimal inversion slab thicknesses by investigating values of 1.5, 2.5, 3.5, 4.5, 6.5, and 8.5 mm. This corresponds to a fixed imaging slice thickness of 0.5 mm with varying additional inversion slab thickness of 0.5, 1.0, 1.5, 2.0, 3.0, and 4.0 mm on each side. The PLD was set to be 1000 ms. The optimal inversion thickness was determined based on the largest vessel signal while maintaining minimal tissue signal in the difference (i.e., control-label) image (N ¼ 3). The other imaging parameters were identical to those in Study I.
Study III: PLD PLD should be chosen such that fresh venous spins have reached the imaging slice yet the labeling effect has not decayed away. We, therefore, studied the dependence of the difference signal on PLD by testing 13 PLDs ranging from 200 to 2600 ms at a step of 200 ms (N ¼ 3). We note that our sequence used a postsaturation module after signal acquisition and a fixed recovery time (4000 ms in this study) so that the longitudinal magnetization before the next TR is the same regardless the PLD values.
Study IV: TR
The optimal choice of TR is dependent on a tradeoff between signal per image and the number of images within a given scan duration. Seven TRs of 2.0, 3.5, 5.0, 6.5, 8.0, 10.0, and 12.0 s were tested. The optimal TR was determined based on the maximum signal per unit time (N ¼ 2).
Study V: Sensitivity of the technique to oxygenation changes
The optimized TRUST protocol was performed under both normoxic (breathing room air) and hyperoxic (breathing 100% oxygen) conditions (N ¼ 4). According to previous studies in human (39) , inhalation of 100% oxygen is expected to increase the venous blood oxygenation by 10%, but have minimal effects on heart rate, breathing rate, or arterial oxygen saturation (because arterial oxygen saturation is close to 100% even in room air breathing). The TRUST scan used the following sequence parameters: inversion slab thickness of 2.5 mm, PLD of 1000 ms, TR of 3.
Study VII: Age effect on venous T 2
In a separate cohort of ten mice (5 younger mice at an age of 16$18 weeks and 5 older mice at an age of 86$93 weeks), we applied the optimized TRUST protocol to study the age influence on venous T 2 . The TRUST measurements were repeated three times in each mouse to evaluate reproducibility.
Data Analysis
All processing procedures were conducted with a custom-written graphic-user-interface (GUI) tool built on MATLAB (MathWorks, Natick, MA). For all studies described above, subtraction between the control and label images was performed. A region of interest (ROI) was manually drawn on the difference image to encompass the sinus confluence. Four voxels within the ROI with the largest difference signals were selected for spatial averaging. Studies I through IV focused on maximizing the difference signal intensity. For Studies V through VII, the TRUST sequence was performed at eTE of 0.25, 20, and 40 ms. Thus, a mono-exponential fitting of the difference signal yielded a T 2v estimation. The student t test was performed in some studies to compare T 2v under different conditions with a statistically significant level of P < 0.05. Figure 2b shows control, label, and difference (i.e., control-label) images at six different TRUST slice positions. Corresponding TOF angiogram slices are also shown. Difference signal intensities (averaged over 4 peak voxels) are shown in Figure 3 . The highest signal intensity appeared in slice 3, the position of confluence of sagittal sinuses where major veins converge. Therefore, the TRUST slice was placed at the sinus confluence for the reminder of the study. Figure 4a shows difference signal in blood and tissue regions-of-interest as a function of inversion slab thickness of the FAIR pulse. Based on the goal of maximizing blood and tissue signal difference, the optimal inversion slab thickness was determined to be 2.5 mm. It should also be pointed out that the signal curve is relatively flat up until an inversion slab thickness of 4.5 mm (Fig. 4a) , suggesting that the slab thickness is not a critical parameter and can take a range of values without significantly affecting the performance of the sequence. A sharp signal reduction is seen at a slab thickness of 6.5 mm and beyond, suggesting that the maximum distance the blood can travel within the PLD was between 4.5 and 6.5 mm. Figure 4b shows control, label, and difference signals in the sagittal sinus as a function of PLD. It can be seen that a PLD of 1000 ms exhibits the highest difference signal. Figure 4c displays the intensity of difference signal as a function of TR. Considering that scan duration is proportional to TR, we also displayed signal per unit time (i.e., difference signal divided by square root of TR), which provides an indicator of signal-to-noise ratio (SNR). Based on these results, a TR of 3.5 s is considered an optimal value.
RESULTS
Imaging Slice Position
Inversion Slab Thickness
PLD
TR
The above studies serve to optimize the TRUST pulse sequence. The following studies aim to test its sensitivity in detecting changes. Figure 5 shows a complete dataset of TRUST MRI under normoxia. Monoexponential fitting of the difference signal in the sagittal sinus is also shown. T 2v values during normoxia and hyperoxia were found to be 26.9 6 1.7 and 32.3 6 2.2 ms, respectively. There was a significant (paired t test; P < 0.001) increase in T 2v due to hyperoxia. Figure 6 summarizes TRUST results under two different anesthetic regimens. T 2v values were significantly (paired t test; P ¼ 0.01) lower when using the DEXþISO scheme, compared with the ISO scheme. Figure 7 shows results of the aging study. T 2v values were significantly (P < 0.001) lower in older (86$93 weeks) than in younger (16$18 weeks old) group. Coefficient of variation (CoV), calculated by standard deviation across repetitions divided by average, was found to be comparable (P ¼ 0.26) between the two groups.
Hyperoxia Challenge
Anesthesia Effect
Age Effect
DISCUSSION
To the best of our knowledge, the present study represents the first report of imaging cerebral venous T 2 in mice. We conducted a series of technical studies to optimize the TRUST MRI sequence for mouse imaging and applied the technique in studies of hyperoxia effects, anesthesia influence, and aging. The data revealed that TRUST MRI can estimate T 2v in less than 3 min with a CoV of approximately 5%. The technique showed an excellent sensitivity in detecting venous T 2 changes associated with physiological challenges and aging.
Measurement of venous oxygenation is a critical step toward noninvasive assessment of brain metabolism and energy consumption. To estimate CMRO 2 , one can combine TRUST MRI with additional measures of arterial oxygenation and cerebral blood flow (CBF), which can be obtained with phase-contrast MRI or arterial-spinlabeling (42) . Previous studies in humans have demonstrated the clinical utility of these techniques in several neurologic diseases such Alzheimer's disease and multiple sclerosis (27, 43) . Because mouse models of neurologic diseases represent an important research area in terms of mechanistic understanding, longitudinal trajectory characterization, and preclinical stage of drug efficacy testing, it is highly valuable to implement the TRUST and related techniques to mouse MR imaging and lays a foundation for seamless translation between preclinical and clinical imaging.
According to our optimization results, the imaging slice of TRUST MRI should be placed close to the confluence of sagittal sinuses. This finding is consistent with reports in human TRUST studies, where the imaging slice is usually positioned to intersect the superior sagittal sinus close to the confluence (15) . This is most likely attributed to the rapid flow and large size of the vessel at this location. We also identified an optimal TR of 3500 ms and PLD of 1000 ms, which provide an excellent SNR for the given scan duration.
In human TRUST MRI which is typically performed at lower field strengths of 3T or 1.5T, the image acquisition is usually performed using a single-shot EPI. This is because T Ã 2 of venous blood at 3T is approximately 35 ms (44), which is relatively long compared with the echo-trainlength of 10-20 ms. However, on 11.7T, the T Ã 2 of typical venous blood was found to be 8.9 6 1.1 ms (N ¼ 2, unpublished observations), which limits the echo-train-length feasible at this field strength. As a result, the TRUST acquisition needs to be divided into several segments to minimize image distortion and signal voiding. The exact number of segments needed will depend on the expected T Ã 2 of the blood, which is in turn dependent on oxygenation level, flow velocity, hematocrit, etc. Furthermore, the segment number or EPI factor is also related to bandwidth, partial Fourier factor, parallel imaging factor, and use of navigators, among other sequence parameters. Given the complex interplay of these factors, the present study did not attempt to provide an optimal EPI factor. Instead, we use an empirical EPI factor of 16 (with an echo-trainlength of 5.2 ms) throughout our investigation. Researchers are recommended to adjust the EPI factor of their study based on the expected T Ã 2 of the blood as well as their sequence echo-train-length.
The present study has primarily focused on gradient-echo EPI acquisitions. We have also tested to use a segmented spin-echo EPI (SE-EPI) acquisition scheme in TRUST MRI in five mice. When comparing signal stability between SE-EPI and GE-EPI TRUST data, it was found that the CoV between these two methods were comparable (Supporting Fig. S1 , which is available online) and that the signal intensity of GE-EPI was slightly higher than that of SE-EPI. We also tested the feasibility of turbo-spin-echo (TSE) acquisition in TRUST MRI and observed that the long echo-train-length associated with TSE was prohibitive in measuring a reliable signal in our experiment. We have, therefore, focused on GE-EPI in the main components of this work.
Breathing of hyperoxic gas is expected to increase venous oxygenation primarily by augmenting the amount of dissolved O 2 in the arterial blood, thereby increasing the venous blood T 2 . Our result shows a venous T 2 increase of approximately 5.3 ms from normoxia to hyperoxia, suggesting that TRUST is sensitive to physiologically relevant T 2v changes.
We also demonstrated an age effect on T 2v . We found that mice of 86$93 weeks old, an age equivalent to approximately 70 years in humans (45) , had a significantly lower blood T 2v compared with mice of 16$18 weeks old (equivalent to approximately 25 years old in humans) (45) . An age-related reduction in venous T 2 is consistent with previous reports in humans, which was attributed to the combined effects of lower CBF and higher energy consumption (to offset the reduced neural efficiency) in the older population (46) .
The present study has primarily reported the results in blood water T 2v , instead of oxygen saturation fraction (Y v ). This is because the conversion from T 2 to oxygenation requires a calibration plot that specifies the relationship between these two parameters. A calibration plot is usually obtained by in vitro experiments on blood samples (47) (48) (49) (50) . Such a calibration plot does not need to be performed for every subject or every study. That is, a calibration plot obtained from one study can be used for other studies as long as the imaging parameters are compatible. However, the calibration plot is field-strength specific. While it is in our plan to perform such in vitro calibration experiments now that the pulse sequence has been optimized, an ideal calibration plot for our data is not available at present. As a proof-of-principle demonstration, however, we adopted a calibration plot obtained on rats (rather than mice) at 11.7T using a multi-echo CPMG (rather than T 2 -preparation CPMG) sequence (47) . According to this plot, venous oxygenations for normoxia and hyperoxia conditions were 75.8 6 3.9% to 83.8 6 4.3%, respectively, showing an average 8.0% increase. This amount of increase is similar to that (approximately 10%) observed in humans (39) . One discrepancy from the human data is that venous oxygenation under normoxia in healthy humans is between 50 and 75% (46) , thus the measured value of the present study is on the higher end of that spectrum. Mismatches between the in vivo data and the calibration data may be part of the reason. Another explanation is that the mouse data were collected under anesthesia whereas the human experiments are performed under awake state. The anesthetic agent isoflurane has been reported to suppress the brain's oxygen metabolism by 38% and increase CBF by 25% in humans at the 1.5 minimum alveolar concentration (equivalent to 1.5% for mice) (51) . Collectively, venous oxygenation under isoflurane anesthesia is expected to be considerably higher than awake state. A rough estimation based on a CBF increases by 15% and CMRO 2 decrease by 25% (for 1.0% isoflurane used in this study) suggests that typical venous oxygenation in anesthetized mouse should be 67$83%, which is in good agreement with our experimental data.
To further support our notion of an effect of anesthesia on venous oxygenation, we conducted Study VI, where TRUST MRI was performed with different anesthetic regimens. Dexmedetomidine is a common sedative for functional MRI research in rodents. In particular, the combination of dexmedetomidine with low-dosage isoflurane has been proven to preserve functional responses to stimulus (40) . In contrast to isoflurane, dexmedetomidine has been reported to maintain the oxygen extraction fraction (52) . Therefore, it is expected that DEXþISO administration will be associated with a lower Y v in comparison with ISO. Consistent with this expectation, venous oxygenation saturation under DEXþISO was found to be approximately 50%. These results also underscore the importance of consistent anesthetic strategies in making comparison across experiments or studies.
The present study has a few limitations. Although the TRUST technique has been shown to be useful in a variety of brain diseases (27, 28, 33) , a limitation of this method is that it provides an estimation of global venous oxygenation only, with no spatial information. Further technical improvements are needed to extend the global measurements into spatially resolved maps. Possible approaches include the addition of velocity-selective or phasecontrast modules (53) (54) (55) . Another limitation is that we optimized TRUST imaging parameters sequentially with one study focusing on one parameter only. However, it is possible that the optimal value of one parameter depends on other parameters. One could vary multiple parameters in a single study, e.g., varying slice location while varying slab thickness, to determine the optimal parameter set. However, this will lead to prohibitively long scan time.
We also note that, in the analysis of the data, we empirically used four peak voxels for the estimation of blood T 2 in accordance with our previous human studies. We have also tested to use more voxels (up to 8) and the results were similar (P > 0.05 for all comparisons). Finally, we would like to point out that the optimized protocol proposed above was based on young mice under isoflurane anesthesia. It is possible that, for experiments under other conditions, adjustments of the imaging parameters are needed for best results. Based on our data using alternative anesthetic method (i.e. DEXþISO) and aged animals, our general impression is that the proposed protocol can also yield satisfactory results under those conditions. For example, the CoV of T 2 estimation was 6.0 6 2.1% under DEXþISO anesthesia and, in aged animals, the CoV was 4.5 6 2.1%. These values are in a similar range as those from young mice under the standard isoflurane anesthesia.
CONCLUSIONS
We implemented and optimized a noninvasive MRI technique, T 2 -Relaxation-Under-Spin-Tagging, to measure cerebral venous blood T 2 in mouse at 11.7T. This technique can be performed within 3 min with a test-retest variability of approximately 5%. Physiological studies showed that this technique is sensitive to oxygenation changes associated with hyperoxia challenge, anesthetic agent, and cerebral aging. This method holds promises in studies of brain physiology and pathophysiology in animal models.
